MicroRNAs (miRNAs) are small single stranded RNA sequences involved in posttranscriptional regulation of different biological and physiological processes. Paracoccidioidomycosis (PCM) is an infection caused by Paracoccidioides brasiliensis, and it is a major cause of mortality due to systemic mycoses in Brazil. To date, there have been few reports on the role of miRNAs in the immune response against fungi, especially PCM. The objective of this study was to evaluate the differential expression of miRNAs related to the inflammatory response associated with pulmonary infection by P. brasiliensis. For this purpose, lungs from BALB/c mice, intravenously infected with P. brasiliensis (2.7× 10 7 yeast cells/ml, n = 12) and noninfected BALB/c mice (n = 8), were collected at the 28 and 56 day after infection. The lung parenchyma presented a great number of yeast cells, granulomas, and edema at 28 days and a framework of resolution of the inflammatory process after 56 days. The mRNAs gata-3, ror-γ t, foxp3, and IL-6 were positively regulated at the moment at the 56 day, while the TGF-β1 mRNA was positively regulated at both moments. The miRNAs 126a-5p, 340-5p, 30b-5p, 19b-3p, 221-3p, 20a-5p, 130a-3p, and 301a-3p, 466k presented the greatest increase in expression levels 28 days after infection, and the miRNAs let-7f-5p, let-7a-5p, 5p-26b, let-7e-5p and 369-3p, 466k presented a greater increase in levels of expression 56 days after infection. This study shows a set of differentially expressed miRNAs possibly involved in the immune response in mice during pulmonary infection by P. brasiliensis.
Introduction
The first microRNA (miRNA) was identified two decades ago. 1 The miRNAs form part of a class of posttranscriptional gene regulators composed of small noncoding RNA sequences of between 18 and 25 nucleotides. 1, 2 MiRNAs have been identified in various species of animals and plants, and it is known that the majority of them maintain their sequence throughout evolution. Currently, there are over 1,000 known miRNAs in humans. 3 As post-transcriptional regulators of almost all biological processes, miRNAs are capable of regulating hundreds of different genes by binding to complementary sequences in the 3 UTR region of messenger RNA (mRNA), resulting in inhibition in the translation or degradation of the target mRNA. 1, 4 Recent studies have shown that miRNAs influence different biological processes such as cell proliferation, apoptosis, cell differentiation, and immune responses, both innate and adaptive. 2, 3, 5 The importance of the role of miRNAs in gene regulation has resulted in numerous studies and a consequent increase in publications in recent years. However, the role of miRNAs in fungal infections is still a little studied topic. 3, 5, 6 Paracoccidioidomycosis (PCM) is a severe mycosis and is still a public health problem in Latin America. Brazil is the country with the highest number of cases of the disease, with an estimated incidence of 10 to 30 cases/million inhabitants and a mortality rate of 1.4 deaths/million inhabitants. 7, 8, 9 In Brazil, this mycosis is endemic in the following regions: Southeast, South, and Midwest. 10 Other countries with significant numbers of cases are Colombia, Venezuela, Ecuador, and Argentina. 11, 12 PCM is acquired after inhalation of spores of Paracoccidioides brasiliensis. Once in the lungs, the propagules are converted into a yeast form and establish themselves in tissue. Next, the yeast cells induce a chronic inflammatory response that culminates in the formation of granulomas disseminated through the tissue and may spread to several organs via the lymphatic and circulatory systems, resulting in lesions disseminated throughout the body of the host. 13, 14, 15 The defense of the host against PCM is regulated by a complex interaction between immune cells and cytokines. Studies indicate that cell-mediated immunity is the principal defense of the host during the infection. Moreover, several studies have shown that different forms of the disease can be the result of the immune response with a predominance of T helper 1 (Th1) or T helper 2 (Th2) responses. Resistance to P. brasiliensis has been associated with the preferential production of Th1-type cytokines. 16, 17, 18 Despite advances in the understanding of the immune response of the host against P. brasiliensis, little is known about the role of miRNAs in regulating the immune response against this fungus. The aim of this study was to investigate the influence of the regulatory role of miRNAs in the cellular immune response during the chronic inflammatory response triggered by the fungus P. brasiliensis in the pulmonary tissue of mice. For this purpose, the expression levels of a panel of miRNAs active in the inflammatory process in mice were analyzed through quantitative reverse transcription PCR (RT-qPCR) arrays; a histological characterization of the lung parenchyma was performed, as well as an evaluation of the expression of mRNAs in T cells and principle cytokines of Th1, Th2, Th17, and T regulatory patterns present in pulmonary tissue in an experimental infection model with P. brasiliensis.
Material and methods

Animals
Twenty BALB/c mice were used, males that were 55 days old, weighing approximately 30 grams, obtained from the Multidisciplinary Center for Biological investigation in the Area of Science in Laboratory Animals (CEMIB), UNICAMP. The animals were housed in the bioterium of the Department of Pathological Sciences, with a light and temperature control system, receiving water and feed ad libitum.
The use of the animals was submitted to and approved by the Ethics Committee on Animal Experimentation of the State University of Londrina, under protocol no. 27112.
Microorganisms
Pb18 was cultured in Sabouraud agar (Micromed, Rio de Janeiro, RJ, Brazil) and maintained by subculturing at 35
• C at 7-day intervals. The yeast cells were collected in sterile phosphate buffered saline (PBS; pH 7.2), filtered through cotton layers, washed twice with sterile PBS by centrifugation (1005 g, 5 min), counted in a hemacytometer and inoculum solution adjusted to 2.7 × 10 7 cells/ml. 19, 20 In vivo test Euthanasia of the animals was carried out by cervical dislocation after sedation through inhalation of diethyl ether, 28 and 56 days post-infection (dpi). At each moment, four animals from the CG (without infection) and six animals from the EG (infected) were killed. Immediately after death, the chest cavity of the animal was opened and the right atrium ruptured; 5 ml of PBS was then injected directly into the heart in order to inflate the lungs and remove any remaining blood. 21 The lungs of all animals were removed and processed. The left lung was intended for analysis of colony-forming units (cfu). The right lung was divided according to subunits for different analyzes: the upper end (cranial lobe) was designated for histological analysis, the intermediate portion (middle lobe) for the extraction and quantitation of miRNAs, and the lower portion (caudal lobe) for extraction and quantification of total RNA.
Histopathological analysis
The cranial lobes of the right lung of all mice were fixed in Bouin aqueous solution for 24 hours, embedded in Paraplast and subjected to microtomy. 22 Microtome cuts of 5 or 7 μm were carried out. To analyze the inflammatory pattern of the tissues, the sections were stained with hematoxylin/eosin (H & E) and for the specific detection of fungal structures in the tissue the sections were stained with Periodic acid-Schiff (PAS) and counter stained with hematoxylin. Histological analysis was performed using an optical microscope, Axion Vision Rel. 4.7, and the photographic documentation in a Moticam image capture system (Motic, Xiamen, China) coupled to the optical microscope. For evaluation of the inflammatory pattern, histological aspects were considered, such as edema, the presence of macrophages, giant cells, lymphocytes, plasmocytes and the presence of yeasts and granulomas.
Histopathological analysis was conducted qualitatively through descriptive analysis of the observation of 10 random fields, at 200x magnification for each animal. The images were analyzed in Motic Image Plus 2.0 software (Motic, Xiamen, China).
Analysis of the expression of immune response genes
To analyze the expression of immune response genes, the caudal lobe of the right lung was processed for total RNA using the TRIZOL R extraction method following the manufacturer's recommendations (Invitrogen, Carlsbad, CA, USA).
The expression of the genes gata-3, t-bet, ror-ϒt, foxp3, IL-17a, INF-γ , IL-2, IL-4, IL-10, and TGF-β1 were evaluated for RT-qPCR using the SYBR R Green system (Applied Biosystems, Carlsbad, CA, USA) with oligonucleotides synthesized from data in the literature (Table 1) . Initially 1 μg of total RNA treated with DNase I (Invitrogen Corp., Carlsbad, CA, USA) was reverse transcribed using oligo (dT) 12-18, and subjected to real-time PCR. The amplifications were performed in the StepOne 
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Analysis of expression of microRNAs
The miRNA expression was evaluated at 28 and 56 dpi. The middle lobe of the right lung was processed for the extraction of miRNA using the miRNeasy Mini Kit (Qiagen Sciences, Germantown, MD, USA) following the manufacturer's recommendations. For the RT-PCR reactions, the miScript II RT kit was used (Qiagen Sciences, Germantown, MD, USA). After reverse transcription, 1 μg of cDNAs from each biological sample (four animals from the CG and six animals from the EG) were pooled. An aliquot from these bulk cDNA Table 1 . List of primers used for detection of target mRNAs. was used as a template for the qPCR amplification reaction. The qPCR reactions were performed in 96-well plates in the StepOne TM Real-Time PCR system (Applied Biosystems, Carlsbad, CA, USA), where each well contained the first cDNA strands corresponding to the 84 miRNAs related to autoimmunity and inflammatory response in mice, predetermined by the miScript miRNA PCR Array (Qiagen Sciences, Germantown, MD, USA). The levels of expression of microRNAs analyzed were calculated using the 2 − CT Method of Livak and Schmittgen (2001) , having as reference genes, used as an endogenous gene of constitutive expression, the mean expression of the murine genes snord61, snord68, snord72, snord95A, and rnu6-2 provided in the miScript miRNA PCR Array (Qiagen Sciences, Germantown, MD, USA). Only miRNAs with Ct ≤ 35 were considered for analysis. The mean Ct value of the reference gene was subtracted from the Ct value of the target gene, resulting in a value of Ct, which was used for relative quantification of the expression levels of each miRNA. The miRNAs that were found induced in one of the two moments analyzed were considered differentially expressed.
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Results
Histopathological analysis
Normal lung microscopic structure was observed in all the animals of the control group at 28 and 56 dpi. (Figs. 1a  and 1c) . Fungal cells and inflammatory infiltrate with a predominance of lymphocytes and mononuclear cells were observed in the animals of the experimental group at 28 and 56 dpi. (Figs. 1b and 1d ). Compact and loose granulomas, regions with inflammatory cells, a large number of yeasts and apoptotic cells was observed on the 28th dpi. (Figs. 2a-d) . On the 56th dpi., regions with edema and the presence of mononuclear cells were observed; however, the presence of yeast was rare (Fig. 1d) . The observed tissue pattern suggested regression of the inflammatory framework between the 28th and the 56th day (Figs. 1b and 1d) . 
Analysis of the expression of mRNAs
The mRNAs of the transcription factors GATA-3, ROR-γ T and FoxP3 were positively regulated after 56 dpi, compared to 28 d.pi (Table 2 ). The mRNA levels of TGF-β1 were increased on the 28th and 56th dpi while mRNA for IL-6 increased only on the 56th dpi ( Table 3 ). The levels of mRNAs of the T-bet transcription factor and cytokines IL-2 IL-4, IL-10, IL-17A, and IFN-γ did not present alterations during the study period.
Analysis of the expression of miRNAs
In this study 84 miRNA expression levels were analyzed, previously associated with the inflammatory response in mice. A differential expression of these miRNAs was observed in the infectious process in the lungs at 28 and 56 dpi (Table 4) .
Relative quantification was used to determine the expression level of the miRNAs at a given time of the infection (28 or 56 dpi). The Ct value of each miRNA at a given time was used as a reference and subtracted from the Ct value of miRNA corresponding to the target moment. Thus, the miRNAs were described as differentially expressed in relation to the time of infection used as a reference. Analyzing the expression levels in the tissue of infected animals at 28 dpi, and the tissue of infected animals at 56 dpi as a reference, 74 miRNAs had their expression positively regulated. Among them, those with the greatest increases in levels of expression (values of 2 − Ct above 50.0), were: 126a-5p, 340-5p, 30b-5p, 19b-3p, 221-3p, 20a-5p, 130a-3p, and 301a-3p, 466k. Only eight had their expression negatively regulated. The greatest reduction in expression levels (values of 2 − Ct below 0.05) were let7f-5p, let-7a-5p, 26b-5p, let-7e-5p, and 369-3p (Table 5 ; Fig. 3 ).
In the same context, to analyze the level of expression in tissue of the animals at 56 dpi, 10 miRNAs had their expression positively regulated, among them, let-7f-5p, let-7a-5p, 26b-5p, let-7e-5p, and 369-3p presented higher levels of expression (values of 2 − Ct above 50.0). Furthermore, the expression of 72 miRNAs was negatively regulated, and those that exhibited the greatest reduction in levels of expression (values of 2 − Ct below 0.05), were: 126a-5p, 340-5p, 30b-5p, 19b-3p, 221-3p, 20a-5p, 130a-3p, and 301a-3p, 466k (Table 5 ).
In the two moments evaluated, the miRNAs 20b-743b-3p and 5p did not present alterations in levels of expression (Table 4) .
Discussion
The development of pulmonary infection caused by P. brasiliensis involves the formation of inflammatory infiltration and granulomas. The formation of granulomas does not always lead to eradication of fungi; however, it is able to contain the infectious agent and lead to a decrease in the tissue fungal load. However, the yeasts that are dormant, inand having a favorable environment, can proliferate, stimulating the formation of new granulomas. Furthermore, in susceptible animals, chronic inflammation can persist and result in severe tissue damage. While, in animals resistant to infection the defense is effective, the immunity cells are able to contain the yeast, and there is a decrease in granulomas and nonaggressive tissue repair, promoting tissue recovery without loss of function. 26 In this study, our results show that at 28 dpi there is a characteristic histological pattern of granulomatous inflammatory reaction. The observed granulomas presented infiltrates of giant cells, bordering the fungal cells, and the presence of phagocytic cells. The granulomas were characterized as compact, and in some cases the tissue presented a structure without defined borders, an aspect typical of loose granulomas; these results are in agreement with data reported in the literature. 21, 27, 28 Plasma cells were also observed in the pulmonary tissue, located at the periphery of the granulomas, according to Brito et al. (1994) , this is a typical feature of mature granulomas caused by P. brasiliensis.
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Analyzing the inflammatory framework on the 56th dpi, a low number of yeasts were observed in the lung tissue-a histological framework characteristic of resolution of inflammation. These data are in agreement with those obtained by Da Silva et al. (2009) in an experiment with Swiss mice infected with P. brasiliensis; they observed a progression of pulmonary fibrosis and infection, after four weeks, followed by increased tissue organization in the eighth week, indicating a resolutive inflammatory process. 25 Recent studies in murine models have evaluated the role of miRNAs in relation to the inflammatory response in various processes associated with lung injury; however, no studies have investigated the role of miRNAs in fungal infections. 30, 31, 32, 33 In the present study we investigated the expression of miRNAs in the inflammatory process on the 28th and 56th dpi induced by P. brasiliensis on the 28th and 56th dpi. Our results demonstrate that the inflammatory process induced by P. brasiliensis leads to an increase in the levels of let-7 miRNAs, especially let-7a, let-7e, and let-7f, after 56 days of infection. At this point the lung tissue presents little yeast and a less intense inflammation than seen at 28 dpi; it appears that this tissue aspect is related to the increased expression of the miRNAs of the let-7 family, corroborating the previously noted protective role in pulmonary tissue. 33 According to Li et al. (2011) , IL-23 is an essential cytokine essential for the survival and maintenance of Th17 cells in both murines and humans. 34 These authors observed that memory T cells expressed less Let-7f than naive T cells and suggest that the expression of Let-7f miRNA presents an inverse correlation with IL-17 expression, possibly the increase in Let-7f expression negatively regulates the expression of the IL-23 receptor (IL-23R), and this leads to lower expression of IL-17 and Th17 cells. In the present study this relationship between Let-7f expression, IL-17A and Th17 cells was not observed; however, after 56 dpi there was positive regulation of the expression of miRNA Let-7f together with an increased expression of ROR-γ t transcription factor, suggesting that the Let-7f miRNA may be associated with the regulation of the population of Th17 cells in the evaluated animals, however, the data do not indicate how this regulation occurs. MiRNA-26b-5p is known for its role in the inhibition of cell proliferation, including studies on injured lung tissue. 35 A study on experimental autoimmune encephalomyelitis in mice suggested that miRNA-26 negatively regulates the expression of IL-6 mRNA and in this way leads to an increase in the population of regulatory T cells. In the present study, at 56 dpi, the lung tissue of mice showed positive regulation of miRNA-26b expression and, together with this, we observed a lower IL-6 expression and increased expression of the transcription factor Foxp3, the main transcription factor of Treg cells, compared to 28 dpi, suggesting a possible regulatory role played by miRNA-26. 36 In humans, it was observed that miRNA-369-3p positively regulates the secretion of proinflammatory cytokines, mainly TNFα, in different situations, for example, in nonmitotic cells, 37 in a framework of psoriasis, 38 and pulmonary cicatrization processes. 39 Our data disagree with these reports, as the increased expression of this miRNA at 56 dpi coincided with a lower degree of tissue injury, compared with 28 dpi; the biological significance of this finding should be further investigated. The miRNA 126a-5p presented an increased expression at 28 dpi. This miRNA has been associated with numerous functions, including: inhibition of tumor invasion, regulation of angiogenic signaling and vascular integrity, 35 and acting in signaling pathways induced by TNF-α. 33 In mice, Foster et al. (2013) showed that upregulation of GATA-3 transcription factor expression is a consequence of the inhibition performed by the miRNA-126 on previous regulatory factors of this pathway. 33, 40 MiRNA-126 may also act on several target mRNAs that regulate activation and cell recruitment processes, inhibiting inflammatory sequelae. The increased expression of miRNA 126 after 28 dpi may be responsible for the positive regulation of gata-3 expression observed at the same time. It could also be related to the ability to protect against inflammatory sequelae in animals, since its increased expression coincides with the period in which the animals presented a defensive inflammatory reaction against the fungus. The animals examined after the chronic inflammatory process presented no evidence of deep scars in the lungs. 33 The majority of miRNAs with increased expression at 28 days could not be related to the immune or tissue aspects observed due to a lack of information on their mode of action in the pulmonary tissue infection. Further studies are necessary to investigate the role of each of them in the model of infection by P. brasiliensis. On the other hand, the involvement of these miRNAs in biological processes has been reported in several studies. Brown and Yin (2012) investigated miRNA-221-3p and found that it may be associated with the regulation of immune response, mediated by activation of TLR-4 receptors. 41 A study on macrophages suggested that miRNA-301a-3p acts in regulating the activity of the factor NF-κB. 42 MiRNA-130a-3p is involved in the negative modulation of anti-angiogenic factors. 42, 43 MiRNAs 15a, 44, 45 A further result from this study was that at28 dpi there was an increase in the expression of 74 of the 84 miRNAs analyzed, while at 56 dpi, only 10 miRNAs presented have increased in their expression. It is probable that this difference is related to major changes in lung tissue due to the formation of granulomas and the presence of yeasts at 28 dpi, while at 56 dpi there is a clear recovery tissue with a consequent normalization of miRNA expression. Furthermore, miRNAs with greater expression at 56 dpi could be associated with tissue regeneration.
Mattes et al. (2009) and
Therefore, the results of this study lead us to conclude that the histological changes observed in the lung parenchyma at 28 dpi and 56 dpi are influenced by the dynamic post-transcriptional regulation performed by miRNAs during the induced inflammatory process. Further studies are necessary to clarify the pathways that are regulated by miRNAs and establish in what form this occurs in the regulation of pulmonary tissue in mice in this experimental model.
